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PHYSICAL ACTIVITY PRODUCES intensity-dependent increases in arterial blood pressure (BP) that are mediated by central signals arising from higher brain centers (i.e., central command) and by peripheral feedback from skeletal muscle (i.e., exercise pressor reflex; EPR) with further modulation provided by the arterial baroreflex (1, 12, 20, 22, 26) . The sensory component of the EPR is comprised of group III and IV skeletal muscle afferents that respond to both mechanical (mechanoreflex) and metabolic (metaboreflex) stimuli (7, 12, 24, 34) . This reflex has been well characterized in animals and humans (35, 46) . Understanding the mechanisms underlying exercise-induced increases in BP is important given that an exaggerated BP response to exercise is potentially dangerous because it can increase the risk for adverse cardiac events such as acute myocardial infarction or arrhythmias as well as stroke (17, 36) . This is particularly problematic in hypertensive (HTN) patients because of an already elevated BP at rest.
Recent studies in rodents indicate that EPR sensitivity may be augmented in hypertension (29, 46) . For example, Smith et al. (46) compared BP responses to the preferential activation of the EPR during electrically induced static muscle contraction in decerebrated spontaneously HTN and Wistar-Kyoto control rats. HTN rats demonstrated an exaggerated BP response to contraction, indicating that EPR sensitivity is increased in HTN rats. Importantly, BP responses remained greater after arterial baroreflex denervation, demonstrating that the greater BP response to muscle contraction could not be attributed to decreased baroreceptor function in the HTN rats.
In a follow-up study, Leal et al. (29) examined muscle mechanoreflex activation by passively stretching hindlimb skeletal muscle and muscle metaboreflex stimulation by the intra-arterial infusion of capsaicin in a hindlimb in which the circulation had been isolated. During both of these perturbations, the spontaneously HTN rats demonstrated a greater BP response compared with the Wistar-Kyoto control rats, suggesting that both components of the EPR are augmented in rats with HTN.
Translating findings from experimental animal models of hypertension to human manifestations of this disease is important. Therefore, the purpose of this study was to determine the contribution of the metabolic component of the EPR to the exaggerated neural cardiovascular responses to static exercise in HTN humans. To isolate the metabolic component of the EPR from the mechanical component and central command, postexercise ischemia (PEI) was used to trap the metabolites produced during exercise (1, 30) . Heart rate (HR), BP, and muscle sympathetic nerve activity (MSNA) were measured during two intensities of static handgrip followed by periods of PEI. Responses of HTN patients were compared with age-and body mass-matched NTN controls. We hypothesized that BP and MSNA responses to static handgrip would be greater in HTN adults, and these augmented responses would be maintained during PEI. Furthermore, BP and MSNA responses to a nonexercise sympathoexcitatory stimulus (i.e., cold pressor test) were assessed to determine if the hypothesized exaggerated responses in the HTN subjects were specific to handgrip and metaboreceptor activation and not representative of an enhanced overall reactivity to cardiovascular stressors.
METHODS

Subjects
All procedures and protocols were approved by the University of Delaware Institutional Review Board. Written consent was obtained from all subjects. The study conformed to the standards outlined in the Declaration of Helsinki. Fifteen HTN and 23 NTN adults participated in the study. All subjects completed a medical history form during the initial screening session. Brachial BP (Dinamap Dash 2000; GE Medical Systems, Milwaukee, WI) was measured, and a 12-lead electrocardiogram was recorded. HTN subjects had a resting seated systolic BP above 140 mmHg or diastolic BP above 90 mmHg, confirmed on at least two separate occasions, or were on antihypertensive medications (40) (average length of hypertension: 12 Ϯ 2 yr).
NTN subjects had a resting seated systolic BP Ͻ120 mmHg and a diastolic BP Ͻ80 mmHg and did not use antihypertensive medications; those in the prehypertensive range as defined by JNC 7 (6) were excluded from study participation.
Twelve out of fifteen HTN subjects were on antihypertensive medications. Five were on monotherapy while the other seven were on dual therapy. Medications used by these subjects included angiotensin-converting enzyme inhibitors (n ϭ 8), diuretics (n ϭ 6), calcium channel blockers (n ϭ 2), angiotensin II receptor blockers (n ϭ 2), and ␤-blockers (n ϭ 1). HTN subjects refrained from taking medications for two full days before the experimental visit to minimize the confound of antihypertensive therapy on data analysis and interpretation. Other medications used by NTN and HTN subjects were not discontinued. These included cholesterol-lowering (n ϭ 11), allergy (n ϭ 3), arthritis (n ϭ 1), thyroid (n ϭ 4), osteoporosis (n ϭ 4), asthma (n ϭ 1), and anxiety (n ϭ 2) medications. BP was monitored three times per day during the antihypertensive medication-free period with a portable automatic blood pressure monitor (Omron; Omron Healthcare, Vernon Hills, IL) to ensure patient safety. All HTN subjects had essential hypertension. None of the subjects had any evidence of cardiovascular disease other than hypertension or any evidence/diagnosis of associated illnesses, such as renal, pulmonary, or neurological disease. Subjects were nonobese [body mass index (BMI) Ͻ30 kg/m 2 ] and did not use any tobacco products.
Experimental Measurements
Arterial BP was measured on a beat-by-beat basis at the middle finger of the nondominant hand using servocontrolled finger photoplethysmography positioned at the level of the heart (Finometer; Finapres Medical Systems). The finger pressure was calibrated to brachial artery pressure according to the manufacturer's recom- Values are means Ϯ SE; n, no. of subjects. NTN, normotensive; HTN, hypertensive; MSNA, muscle sympathetic nerve activity; BP, blood pressure. *P Ͻ 0.05 between groups. , and respiratory movements were monitored using a strain-gauge pneumograph placed in a stable position around the abdomen and chest. The respiratory movements were monitored to ensure that subjects did not inadvertently perform Valsalva maneuvers during handgrip and PEI. Ratings of perceived exertion (RPEs) were obtained using the 6 -20 Borg scale (4). A retrograde intravenous catheter was inserted in the antecubital vein of the exercising arm to sample blood for lactate (Accutrend Lactate, Mannheim, Germany), potassium (EasyElectrolyte Analyzer; Medica, Bedford, MA), and pH (Checker 1 portable pH tester; Hanna Instruments, Woonsocket, RI). The catheter was inserted in retrograde fashion so that the blood samples taken during PEI would represent the blood draining from the exercising muscles below the cuff occlusion. These markers were used to determine the effectiveness of the cuff occlusion in trapping metabolites and not designed to specifically identify the substances involved in stimulating the muscle afferents, which is an ongoing area of research (16, 23) .
Muscle Sympathetic Nerve Activity
MSNA was measured using the technique of microneurography as previously described (48) . Briefly, a tungsten microelectrode was inserted in the peroneal nerve under the fibular head, and a reference microelectrode was inserted 2-3 cm away. The nerve signal was amplified (70,000-fold), bandpass filtered (700 -2,000 Hz), rectified, and integrated (time constant 0.1 s) using a nerve traffic analyzer (Nerve Traffic Analyzer, model 662c-3; University of Iowa Bioengineering, Iowa City, IA). The following criteria were used to confirm that the nerve signal was MSNA and not skin sympathetic activity: light stroking of the skin did not increase afferent activity, a voluntary end-expiratory apnea increased efferent burst frequency, and spontaneous cardiac synchronous efferent bursts were observed.
Experimental Protocols
Isometric handgrip. Before the experimental session, all subjects were instructed to avoid alcohol, caffeine, and exercise for 12 h and food for 4 h. Maximal voluntary contraction (MVC) of the dominant hand was measured by having subjects squeeze a custom-built handgrip device at maximal effort three to five times; the highest value was used as the MVC. The MVC was used to calculate relative work rates of 30 and 40% MVC for the experimental protocol. Subjects then rested quietly for 10 min after which two bouts of isometric handgrip were performed in random order, one at 30% of MVC for 2 min and the other at 40% of MVC for 90 s. A duration of 90 s was used for the 40% MVC trial because pilot testing in older HTN subjects indicated that absolute BPs were markedly elevated. In addition, subjects had difficulty maintaining the target force production for 2 min without excessive straining and movement during the last 30 s, jeopardizing the MSNA recordings. Subjects were provided with visual feedback of force production during each trial (DASYLab software; National Instruments). Force production was also recorded in Windaq, which was used to confirm that a similar exercise stimulus was achieved in each group. During the last 3 s of each exercise condition, an occlusion cuff placed on the exercising arm above the elbow was rapidly inflated to suprasystolic pressure (Ͼ240 mmHg) and remained inflated for 2 min and 15 s (PEI). The additional 15 s of PEI was incorporated to account for the potential effects of the initial decrease in BP that occurs when exercise is immediately stopped. Handgrip exercise and PEI trials were separated by at least 10 min to allow BP, HR, and MSNA to return to baseline. Brachial BP was used to confirm that BP was at baseline before the start of the second exercise trial. Using the Borg scale, subjects were asked to report an RPE between Values are means Ϯ SE. *P Ͻ 0.05 vs. NTN. The HTN group had a greater MAP response during exercise, and these differences persisted during the PEI period. There were no group differences in HR response.
6 and 20 at the end of the first and second half of each exercise trial (53) .
Cold pressor test. A cold pressor test was used to determine the MSNA, BP, and HR response to a generalized, nonexercise sympathoexcitatory stimulus (49) . The dominant hand was placed in an ice bath for 2 min. All variables were recorded for 2 min before the test (pre-cold pressor baseline), during the cold pressor test, and for 2 min during recovery.
Valsalva maneuver: Sympathetic baroreflex sensitivity. Subjects performed the Valsalva maneuver to acutely change BP for the assessment of sympathetic baroreflex sensitivity (11) . Subjects began by inhaling a full breath and then forcefully exhaling in a mouthpiece attached to a pressure transducer at a target force of 40 mmHg for 15 s. The pressure transducer was connected to a mercury column to provide subjects with visual feedback of exhalation force. Sympathetic baroreflex sensitivity was determined by relating the total number of bursts occurring during the entire 15 s of straining to the change in diastolic BP (11) . The change in diastolic BP was defined as the highest diastolic BP occurring after the onset of straining minus the lowest diastolic BP.
Data Analysis
All data were recorded in Windaq software at 500 Hz. The electrocardiogram was peak detected for R-R interval and HR, and the Finometer BP waveform was peak and valley detected for systolic, diastolic, and mean arterial BP (MAP) using Windaq software (Windaq waveform browser, Advanced CODAS software; DATAQ Instruments, Akron, OH). MSNA was analyzed using custom MatLab-based software (MatLab; The MathWorks, Natick, MA) (15) . The signal was calibrated by assigning the peak voltage of the largest burst during baseline the value of 1,000 arbitrary units (AU), and the average voltage between bursts was assigned a value of 0 AU. For completeness, MSNA is reported as burst frequency (bursts/min), burst incidence (bursts/100 heart beats), burst strength (area), and total activity per minute (burst frequency multiplied by mean burst area: AU/min). However, the focus of the between-group comparisons was burst frequency and incidence. The absolute area of a burst is dependent on the location of the microelectrode within the nerve fiber, which cannot be determined. Therefore, direct between-group comparisons of burst strength are not typically examined. However, it is permissible to examine the absolute change and percent change in total activity in response to a perturbation. MSNA data are therefore displayed and were analyzed as a change (delta) and percent change from baseline during handgrip exercise and PEI. Data collected during 60 s of rest, the peak 30-s average during handgrip exercise, and the first 45 s followed by 30-s averages during PEI were used for comparison purposes. Sixty seconds of baseline and 30-s averages of the cold pressor test were also used for comparisons.
Statistical Analysis
Subject characteristics were compared (NTN vs. HTN) using a two-tailed, unpaired t-test (SPSS 17.0). A univariate repeated-measures ANOVA (group ϫ condition) was used to assess differences in HR, BP, and metabolites during static handgrip, PEI, and the cold pressor test. The "group" represents NTN and HTN subjects, and the "condition" represents handgrip exercise, PEI, or cold pressor time points. A MANOVA was used to analyze MSNA during static handgrip and PEI and, separately, the MSNA responses to the cold pressor test. Post hoc tests were examined using Bonferroni comparisons. Valsalva-derived sympathetic baroreflex sensitivity was compared using two-tailed, unpaired t-test. Results are reported as means Ϯ SE. The alpha level was set at P Ͻ 0.05.
RESULTS
Subject Characteristics
There were no significant differences between groups for age, height, weight, BMI, or MSNA at rest (P Ͼ 0.05; Table 1 ). By design, HTN subjects (off medications) had a significantly higher systolic and diastolic BP compared with NTN subjects (P Ͻ 0.05; Table 1 
Thirty Percent MVC Isometric Handgrip and PEI
An original recording of MSNA from a NTN and HTN subject at baseline, during 30% MVC handgrip, and PEI is displayed in Fig. 1 . MSNA recordings were obtained in 15 NTN subjects and 11 HTN subjects during the 30% MVC trial. The increase in MAP from baseline, to peak exercise, and across all PEI time points (30-s averages) is displayed in Fig. 2A . MAP increased more during exercise in the HTN subjects and remained higher during PEI (P Ͻ 0.05). There were no group differences in HR responses (P Ͼ 0.05; Fig. 2B ). Absolute burst frequency was greater in the HTN subjects compared with the NTN subjects during handgrip exercise and PEI (P Ͻ 0.05; Table 2 ). In addition, the HTN subjects demonstrated a greater increase in MSNA burst frequency from baseline during handgrip exercise and PEI compared with NTN subjects (MANOVA, P Ͻ 0.05; Fig. 3A) . The delta and percent increase in MSNA total activity were also greater in the HTN adults (MANOVA, P Ͻ 0.05 for both; Fig. 3, B and C) .
Venous blood was drawn from 10 NTN and 6 HTN subjects. As reported in Table 3 , potassium concentration increased from baseline to PEI (P Ͻ 0.05), but there were no group differences (P Ͼ 0.05). There was a decline in pH from baseline to PEI (P Ͻ 0.05), but no group differences were observed (P Ͼ 0.05). Lactate concentration increased from baseline to PEI (P Ͻ 0.05), but there were also no group differences (P Ͼ 0.05).
Force production was not different between NTN and HTN subject groups during the 30% MVC trial (NTN: 27.9 Ϯ 0. 
Forty Percent MVC Isometric Handgrip and PEI
MSNA recordings were obtained in 14 NTN and 12 HTN subjects during the 40% MVC trial. The increase in MAP from baseline, to peak exercise, and across all PEI time points (30-s averages) is displayed in Fig. 2C . MAP increased more during exercise in the HTN subjects and remained higher during PEI (P Ͻ 0.05). There were no group differences in HR responses (P Ͼ 0.05; Fig. 2D ). Absolute burst frequency was greater in the HTN subjects compared with the NTN subjects during handgrip exercise and PEI (P Ͻ 0.05; Table 4 ). In addition, the HTN subjects demonstrated a greater increase in MSNA burst frequency from baseline during handgrip exercise and PEI compared with NTN subjects (MANOVA, P Ͻ 0.05; Fig. 3D ). The delta and percent increase in MSNA total activity were also greater in the HTN adults (MANOVA, P Ͻ 0.05 for both; Fig. 3, E and F) .
Venous blood was drawn from 11 NTN and 6 HTN subjects. As reported in Table 5 , potassium concentration increased from baseline to PEI (P Ͻ 0.05), but there were no group differences (P Ͼ 0.05). There was a decline in pH (P Ͻ 0.05), but no group differences were observed (P Ͼ 0.05). Lactate concentration increased from baseline to PEI (P Ͻ 0.05), but there were also no group differences (P Ͼ 0.05).
Force production was not different between NTN and HTN subject groups during the 40% MVC trial (NTN: 37. 
Cold Pressor Test
MSNA recordings were obtained in 15 NTN subjects and 9 HTN subjects during the cold pressor test. Absolute values for MAP and MSNA at baseline and during the CPT are reported in Table 6 . The cold pressor test increased MAP and MSNA burst frequency from baseline in both NTN and HTN subjects (P Ͻ 0.05 for both). However, these increases were not different between the groups (P Ͼ 0.05 for both; Fig. 4, A and  B) . The delta and percent increase in MSNA total activity also were not different between groups (MANOVA, P Ͼ 0.05 for both; Fig. 4, C and D) . Values are means Ϯ SE. CPT, cold pressor test; HR, heart rate. P Ͻ 0.05 vs. baseline ‫)ء(‬ and vs. NTN ( †).
Sympathetic Baroreflex Sensitivity
Resting sympathetic baroreflex sensitivity estimated during the Valsalva maneuver was not different between NTN (n ϭ 16) and HTN (n ϭ 10) subjects (Ϫ1.6 Ϯ 0.2 vs. Ϫ1.8 Ϯ 0.4 bursts·15 s Ϫ1 ·mmHg Ϫ1 ; P Ͼ 0.05).
DISCUSSION
The primary novel finding of this study was that the metabolic component of the EPR is augmented in older HTN humans. Indeed, compared with NTN subjects, HTN adults exhibit exaggerated sympathetic and pressor responses to handgrip exercise that were maintained during PEI. PEI causes the metabolites produced during exercise to become trapped in the forearm, activating the metabolically sensitive afferents of the EPR in the absence of input from mechanically sensitive afferents and central command. Importantly, the greater cardiovascular responses were noted despite similar stimuli: handgrip force produced, RPE, and metabolite buildup were not different between the groups. Collectively, these data indicate that older HTN humans exhibit exaggerated sympathetic and pressor responses to handgrip exercise that are, in part, mediated by the muscle metaboreflex.
Recent work in spontaneously HTN rats also suggests that the metabolic component of the EPR may be overactive in hypertension (29, 46) . Leal et al. (29) administered capsaicin intra-arterially to stimulate chemically sensitive afferent fibers in spontaneously HTN rats and NTN Wistar-Kyoto rats. The responses to capsaicin are mediated through activation of the transient receptor potential vanilloid 1 channel. This receptor has recently been shown to be activated during muscle contraction in rats (45) , although data from cats suggest that this receptor may not be involved in EPR responses (25) . Nevertheless, the greater capsaicin-induced increase in MAP in spontaneously HTN rats (45) , over a range of doses, provides some evidence that the metabolic component of the EPR is exaggerated in hypertension.
Our finding of a greater BP response to static handgrip among HTN adults is consistent with some (3, 14, 18, 38, 47) but not all (5, 33, 51) studies. Whereas our findings of an enhanced metabolic component of the EPR in older HTN adults are consistent with what has been reported in spontaneously HTN rats (29, 46) , they are in contrast to a study performed in never-treated middle-aged HTN humans (42) . Although the reason for these contrasting study conclusions is not clear, methodological differences such as the age of the HTN subjects (42 Ϯ 1 vs. 63 Ϯ 1 in the current study), the exercise intensities used (10 and 30% MVC vs. 30 and 40% MVC in the current study), and the methods used to measure BP (ankle vs. finger and brachial artery in the current study) may have contributed. Additionally, there is some evidence that aging, in the absence of hypertension, attenuates the muscle metaboreflex (31) . However, in the current study, both MAP and MSNA responses during handgrip and PEI were significantly increased in the older NTN subjects. Thus the greater responses in the HTN subjects were not due to minimal responses in the control group. Indeed, the peak increase in MAP and MSNA in the HTN subjects was quite striking, with a change of 33 Ϯ 4 mmHg and 16 Ϯ 2 bursts/min, respectively, during the 40% MVC trial, supporting our conclusion that sympathetic and pressor responses to handgrip exercise are exaggerated in older HTN humans. In addition, the current data are consistent with an earlier study performed in our laboratory where BP responses were assessed during PEI following a single bout of rhythmic handgrip exercise. In this earlier study, although the change in BP from baseline to PEI was greater in HTN subjects, responses during exercise were not statistically different between NTN and HTN groups (43) . The current study was prospectively undertaken to provide further and more mechanistic insight by directly assessing sympathetic outflow and metabolite generation during graded intensities of static handgrip and PEI.
Although the BP response to exercise is mediated by activation of central command and the EPR, important modulation is provided by the arterial baroreflex (8, 20, 41) . With this in mind, Smith et al. (46) examined the influence of arterial baroreceptors on the exaggerated BP responses to static muscle contraction in spontaneously HTN rats. Importantly, the BP response was greater in HTN rats compared with NTN rats both before and after sinoaortic barodenervation, indicating that impaired baroreflex function cannot explain the greater BP response observed. In the current study, we found no differences in resting sympathetic baroreflex sensitivity between the older HTN and NTN subjects tested (consistent with Ref. 13 ). However, it should be noted that a recent study using larger, pharmacologically induced changes in BP to assess baroreflex control of sympathetic outflow (28) has concluded that sympathetic baroreflex sensitivity is lower in middle-aged HTN adults. Thus it is possible that the measurements of sympathetic gain from Valsalva-induced changes in BP as used in the present study are not sufficiently sensitive to detect betweengroup differences among older NTN and HTN subjects. Nevertheless, in spontaneously HTN rats, an overactive EPR is observed both when arterial baroreceptors are intact and dennervated (46) . Similarly, although RPEs were not different between the groups during handgrip, these data do not rule out possible hypertension-related differences in central command, nor do the data of the present study address or isolate the contribution of the mechanical component of the EPR. Future human studies examining the mechanical component of the EPR in HTN adults are warranted since Leal et al. (29) found that this component may also contribute to the exaggerated BP response to exercise in spontaneously HTN rats. Similarly, studies examining potential alterations in central command and arterial baroreflex function during exercise in HTN patients are needed.
In the current study, we examined MSNA and BP responses to the cold pressor test, a nonexercise sympathoexcitatory stimulus (49) , to assess whether a generalized enhancement in sympathetic responsiveness was present in the HTN subjects. Although conflicting findings have been reported regarding the BP response to the cold pressor test in HTN adults, with studies reporting increased (32), similar (10, 43) , or reduced responses (27, 44) compared with NTN subjects, we reasoned that this would be an important control experiment in the current cohort being studied. We found that the MSNA and BP responses to the cold pressor test were similar between the HTN and NTN groups, suggesting that enhanced overall sympathetic responsiveness cannot explain the exaggerated sympathetic and pressor responses observed during handgrip and PEI in the HTN subjects. Indeed, had cold pressor-induced increases in sympathetic nerve activity and BP been exaggerated in the HTN subjects, more cautious conclusions attributing the group differences in MSNA and BP to the metaboreflex would have been warranted.
By design, the NTN and HTN groups in the current study were well matched for all physiological variables other than BP (Table 1) . Interestingly, we observed only minimal differences in MSNA burst frequency at rest between the groups (ϳ12% higher in HTN; P ϭ 0.12). While animal models of hypertension demonstrate clear elevations in sympathetic outflow (21) , not surprisingly, there is far more variability in the human literature, even when focusing on direct intraneural recordings of sympathetic activity (2, 37, 50, 52) . It is worth noting that the above-mentioned trend (P ϭ 0.12) for increased MSNA burst frequency at rest among the older HTN subjects in our study is on top of an already elevated burst frequency, because even the older NTN control subjects had an increased burst frequency at rest (32 bursts/min) compared with young NTN subjects tested within our laboratory (ϳ15 bursts/min) (9) and elsewhere (39) . This is consistent with an age-related increase in sympathetic outflow (19, 39) , demonstrated here even in wellscreened, nonobese older subjects with resting BP of Ͻ120/80 mmHg.
Perspectives
During acute exercise, there is a concern that BP may occasionally increase too much, which may increase an individual's risk for an acute cardiovascular or cerebrovascular event (17, 36) . This has led to the development of specific BP guidelines (53) on when to stop an exercise test or training session. In the present study, we focused on the change in BP above baseline (Fig. 2) since, by design, HTN subjects had elevated resting pressures. However, the peak absolute systolic BPs were often Ͼ200 mmHg in the HTN group, even though the exercise durations were only 1:30 to 2:00 min. Thus BP monitoring during exercise may be especially important for older HTN adults to ensure that pressures do not become excessively elevated, particularly if there is an isometric component to the exercise modality.
In summary, BP and MSNA responses to handgrip exercise were greater in HTN subjects, and these augmented responses were maintained during isolation of the metabolic component of the EPR (i.e., PEI). These data suggest that older HTN humans exhibit exaggerated sympathetic and pressor responses to handgrip that are, in part, mediated by the metabolic component of the EPR.
